Lowland boreal forest ecosystems in Alaska are dominated by wetlands comprised of a complex mosaic of fens, collapse scar-bogs, low shrub/scrub, and forests growing on elevated ice-rich permafrost soils.
Introduction
Globally, boreal forests represent ~25% of forest vegetation carbon, yet contain 60% of forest belowground carbon (Malhi et al., 1999 , Martin et al., 2005 . Permafrost underlies much of this region (Brown et al., 1998 , Jorgenson et al., 2008 and is currently undergoing rapid warming and thawing (Jorgenson et al., 2001 , Osterkamp et al., 2009 . Permafrost thaw and associated land surface subsidence/collapse (i.e. thermokarst) is expected to increase with climate change , Osterkamp, 2007 , Schuur et al., 2015 , potentially causing substantial redistribution of surface water. Within the discontinuous permafrost zone of Alaska, where permafrost occupies 36 to 67% of the land area (USGS Land carbon report), permafrost is within a few degrees of thawing (Osterkamp & Jorgenson, 2006 , Osterkamp et al., 2009 . The extent and magnitude of potential soil carbon loss to the atmosphere resulting from permafrost degradation depends on the pathway of decomposition (i.e. anaerobic or aerobic) and therefore the extent of the landscape that becomes wetter or drier (Schuur et al., 2015) . Therefore, there is a need to evaluate the spatial and temporal patterns and controls of thermokarst initiation and expansion that alters surface hydrology and carbon balance in high latitude regions vulnerable to change.
Lowland boreal forest ecosystems are typically composed of wetlands (i.e. fens and bogs) and forests growing on elevated permafrost plateaus (0.5 to 2 m) above wetlands. Lowland forests have been identified as ecosystems exposed to continuous thermokarst disturbance (Jorgenson et al., 2001 , Osterkamp et al., 2000 .
For example, Baltzer et al. (2014) estimates the rate of forest loss in a boreal lowland in Northwest Territories, Canada between 1977-2010 to be -0.26% year -1 . Losses were associated with forest fragmentation primarily occurring on permafrost plateaus that are adjacent to wetlands (hereafter plateau ecotone) relative to permafrost plateaus not bordering a wetland (hereafter plateau interior). Similarly, in the Tanana Flats in Interior Alaska, where lowland paper birch and black spruce forests are the dominant forest types, birch
forests have degraded at a lateral rate of 0.5 to 1.0 m year -1 with the collapse of permafrost plateau forests into adjacent wetlands (Jorgenson et al., 2001) , while collapse-scar bogs in black spruce forests have expanded 0.1 to 0.5 m year -1 (Jorgenson et al., 2001) . The collapse of birch forests into wetlands in Alaska is hypothesized to be a result of (i) high mean annual permafrost temperatures (-0.2 to -0.7 °C) maintained by
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relatively high mean annual air temperatures (typically -2 to -3°C during the last 40 years) and by continuous groundwater heat flow at depth, (ii) summer lateral heat transfer from fen surface waters (12 to 16 °C) to permafrost plateau, and (iii) high ice content of organic and fine-grained soils susceptible to thaw subsidence (Racine et al., 1998 , Walters et al,. 1998 . Though black spruce forests have increased in cover over time, likely in response to forest succession associated with post-fire disturbance (Johnstone et al., 2010 , Johnstone et al., 2011 , permafrost is still thought to be degrading as evidenced by increased soil temperature and the appearance and growth of thermokarst features (Jorgenson et al., 2001) . This process of thermokarst development is highlighted on the landscape-scale, as it is estimated that 13% of all Alaskan boreal lowlands (~74,620 km 2 ) are susceptible to collapse-scar bog formation. Therefore, lowland forests are thought to be one of the most vulnerable ecosystems to future climate change (Walters et al., 1998) , and such ecosystem transitions may have large implications for future feedbacks to climatic warming (Turetsky et al., 2007) .
Ongoing permafrost collapse is threatening to impact many processes of lowland boreal forest ecosystems. Losses of permafrost plateau forests that have accumulated carbon in ice-rich soils over centuries to millennia (Jorgenson et al., 2001 , Myers-Smith et al., 2008 , O'Donnell et al., 2012 will result in increased availability of carbon and nutrients in warm waterlogged anaerobic wetlands, substantial loss of forest peat on a century time-scale (O'Donnell et al., 2012) , and trace gas emissions of carbon dioxide and methane (Johnston et al., 2014 , Myers-Smith et al., 2007 . However, it is uncertain if the current annual balance of carbon in these ecosystems is a sink or source to the atmosphere (Euskirchen et al., 2014 , Douglas et al., 2014 . Additionally, fires further threaten the stability of permafrost as fires have increased in frequency, duration, and severity in Alaska (Kasischke & Turetsky, 2006 , Turetsky et al., 2011 , and may markedly affect landscape stability, forest composition, and thermokarst formation and expansion (Harden et al., 2000 , Jorgenson et al., 2013 , Myers-Smith et al., 2007 , O'Donnell et al., 2012 .
Specific to the Tanana Flats in Interior Alaska, permafrost degradation occurs in response to fire (MyersSmith et al., 2008) , thermal erosion (Racine et al., 1998) , or thermokarst (Jorgenson et al., 2001) . Although forest loss on the Tanana Flats has occurred over the past ~300 years (Jorgenson et al., 2001) , recent changes in summer/winter air temperature and precipitation (Wendler & Shulski, 2009) , and potentially forest
fragmentation (associated with changing forest edge of permafrost plateaus), may have altered the rate of long-term forest change. Because permafrost degradation occurs over decades to millennia (Lachenbruch & Marshall, 1986) , we evaluate the magnitude and trajectory of forest change spanning six decades (length of historical aerial and satellite record). In this study, we assess the linearity of change between 1949 and 2009 in unburned dominant forest types (paper birch and black spruce), landscape positions (plateau ecotone and plateau interior), and across multiple time periods (1949, 1978, 1986, 1998 and 2009 ) using historical and contemporary aerial and satellite images for change detection. We develop (i) a deterministic statistical model to evaluate the potential climatic controls on forest change using gradient boosting and regression tree analysis, and (ii) a 30 x 30 m resolution vegetation map of the Tanana Flats to estimate the potential total forest area lost due to thermokarst from 1949 to 2009. Lowland birch forests commonly grow adjacent to wetland fens on plateau ecotones, where soil ice content are usually >50% (Osterkamp et al., 2000) , likely due to site history, relatively thin organic soil, and low moss cover (Jorgenson et al., 2001 , Racine & Walters, 1994 . Unlike birch, spruce forests (dominant: black spruce) typically grow in the interior of permafrost plateaus, have a thick soil organic horizon containing ~20% ice content (Osterkamp et al., 2000) with high moss cover, and in comparison to birch forests have been considered more stable due to colder soil temperatures (Walters et al., 1998) . Therefore, we hypothesize that (i) lowland forests bordering wetland complexes (i.e., on plateau ecotones) will experience a nonlinear decrease in birch forest cover associated with recent warming/thawing, while spruce forest cover will only slightly decrease due to thermokarst, and (ii) lowland forests not adjacent to wetlands (i.e., on plateau interiors) will have no effect on birch forest cover but spruce forests will increase because of natural forest succession.
Materials and methods

Study Site
The Tanana Flats (263,759 ha) are located south of Fairbanks, Alaska, within a lowland basin between the Alaska Range and the Tanana River (Fig. 1 ). This region is comprised of a complex pattern of vegetation types, formed as a result of interrelationships among geomorphology, slope, aspect, hydrology, fire, and permafrost (Jorgenson et al., 2001) . Permafrost distribution in the Tanana Flats is estimated as 48% stable permafrost,
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31% partially degraded, 4% totally degraded and, 17% unfrozen (Jorgenson et al., 2001) . Approximately 42% of the area that has contained or presently contains permafrost has been affected by thermokarst (Osterkamp et al., 2000) . Thermokarst formations generally manifest on this landscape as pits, mounds, and collapse-scar fens and bogs (Jorgensen et al., 1999) . Annual mean, minimum, and maximum climate normals for Fairbanks (1980-2010, climate .gi.alaska.edu) temperature are 2.4, -8.1, 3.3 °C, respectively, and precipitation and snowfall are 27.5 cm and 165.1 cm, respectively. Climate analysis suggests that this region has warmed 1.4 °C, with abrupt temperature increases beginning in the late 1970s (Wendler and Shulski 2009).
Vegetation is characterized as a mosaic of floating mat fen meadows, paper birch, mixed birch-spruce, black spruce forests, alder/ericaceous shrub-scrub, and scattered bogs (Racine et al., 1998) .
Remote Sensing of Forest Change
To determine how we evaluated long-term change in unburned birch and spruce forests between 1949 and 2009, we (i) mosaicked and georeferenced historical and contemporary high resolution imagery, (ii) determined the location and spatial extent of all permafrost plateaus across our study site, and (iii) unbiasedly selected sites with no recent fire history . Five overlapping images (≤ 2.5 m resolution) were used for change detection in this study. Images were collected during summers of 1949 (aerial, black & white), 1978 (aerial, color infrared), 1986 (aerial, color infrared), 1998 (aerial, black & white) , and 2009 (satellite, SPOT 5).
Similar to Baltzer et al., (2014) , permafrost plateaus were identified using IfSAR DTMs (vertical accuracy of 3-meter, and horizontal accuracy of 12.2-meter) capable of detecting differences in elevation between wetlands and elevated plateaus. We used the Bureau of Land Management's fire history data to assure study sites were unburned between dates of land cover change assessment (i.e. 1949-2009 , http://afsmaps.blm.gov/).
Fifteen 500 x 500 m sites were selected using a stratified random sampling approach. Sites were selected to represent forest types on permafrost plateaus, adjacent to wetlands (i.e. plateau ecotone) and in the interior of permafrost plateaus (i.e. plateau interior). After we identified the spatial extent of permafrost plateaus, we created a 250 m buffer in ArcGIS 10.2 from the plateau edge. Nine sites were randomly selected within this buffer to represent plateau ecotone sites and six sites were randomly selected within plateau interior. Each 500 x 500 m window was oriented from North to South and placed on top of each random point.
Accepted Article
Birch and spruce forests were manually delineated at each site and time period, following methods outlined by Baltzer et al., (2014) and Chasmer et al., (2010) . Using the resulting data, we estimated forest area, forest edge, and computed an edge to area ratio by forest type (i.e. birch and spruce forest), which served as metrics for forest fragmentation (Baltzer et al., 2014) . Forest cover was calculated by dividing forest area by the total site area (i.e. 250,000 m 2 ). Both forest types were distinguished in color infrared imagery using spectral signatures and canopy texture, however, for black and white imagery, differences in forest type were more difficult to determine. We were able to estimate forest area with high confidence using the subsequent and/or preceding color infrared image by associating canopy color, structure, and texture. If confidence of forest delineation was low in any sampling window, data were not included in further analysis.
Data and Statistical Analysis
Climate data were acquired from the National Climatic Data Center (NCDC) hosted by the National Oceanic (June, July, August), as we found long-term climatic patterns in summer temperature and precipitation ( Fig. 2) to explain considerably more variation in our analyses than both winter and annual climate. Monthly mean/maximum/minimum temperature and precipitation, and anomalies relative to historical climate normal were computed. Integrated long-term summer climatic means/max/min/anomalies were calculated for all time intervals (i.e. 1986-1998). Here we refer to degree days as the difference between mean summer temperature and the historical summer climate normal, where positive and negative values indicate warmer and cooler days, respectively.
We determined statistical differences in forest canopy cover by forest type (birch and spruce), landscape position (plateau ecotone and plateau interior), and year (1949, 1978, 1986, 1998, 2009 ), using two-factor analysis of variance (ANOVA). Similarly, differences in annual change rates were evaluated by forest type, landscape position, and time period (1949-1978, 1978-1986, 1986-1998, 1998-2009; long term: 1978-2009) using two-factor ANOVAs. Forest cover and annual change rates were the dependent variables and landscape
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position and year/time period were the independent variables. If models were significant, post-hoc LSD tests were used to determine if forest change rates significantly increased, decreased, or remained stable between time periods. All datasets were tested and transformed for normality (where appropriate) prior to statistical analysis. The assumptions of normality and homoscedasticity were verified by examining residual plots. Effects were considered significant at the 0.05 level and marginally significant at 0.10.
To evaluate potential drivers of birch and spruce forest change on the Tanana Flats, we ran two regression tree analyses informed by gradient boosting (uses regression trees as a base learner) to increase the accuracy of estimates of forest change. Data inputs used in regression tree analysis include (i) forest characteristics such as forest area, edge, and edge/area ratio, (ii) landscape position, and (iii) climate variables (outlined above).
Regression trees are a type of classifier that iteratively splits the dataset (i.e. forest change rates) into two groups based on input variables (i.e. forest area, temperature) that minimizes the specified loss function (Breiman, 1984) . Variables near the top of the tree are more important as they explain more variation than those at the base. Gradient boosting was used to reduce misclassification of regression tree models. Boosting has emerged over the past few years as one of the most powerful methods for predictive data mining (De'ath, 2007 , De'ath & Fabricius, 2000 . The modeling algorithm is iteratively fit to training data, sequentially focusing on observations that are poorly modeled by the existing trees. This algorithm learns to predict the dependent variable based on multiple attempts to classify training data. We followed recommendations outlined by Elith et al., (2008) , for initialization and parameterization of learning rates, tree complexity, and model interpretation in gradient boosting models. We use recursive feature elimination (Miller, 1990) to drop unimportant or redundant predictor variables, which is useful for data sets with limited observations (Elith et al., 2008) . Important predictor variables identified by boosting were used to develop final regression trees. Key strengths of this approach are that regression trees are robust against outliers and irrelevant independent variables, and can develop a model that incorporates both parametric and nonparametric data, as well as discrete and continuous data. Trees were pruned to minimize the mean square error, and evaluated for model accuracy by using ten-fold cross validations. All univariate statistical analysis was conducted in JMP Pro 11, while gradient boosting and regression tree analysis was conducted in R (R Development Core Team 2015).
Landscape-level Classification and Change Analysis
Though detailed vegetation, geomorphology, and permafrost maps exist for the Tanana Flats (Jorgenson et al., 2001) , the maps were constructed using an integrated terrain unit, which makes the spatially explicit distribution of land cover types considered in this study difficult to evaluate. Therefore, to evaluate the potential landscape-level impact of forest loss to wetlands associated with thermokarst disturbance, we developed a map containing the five dominant land cover types: water, wetlands, shrub/scrub, birch forest, and spruce forests, using LandSat-7 Enhanced Thematic Mapper Plus ( http://gina.alaska.edu).
In preparation for image classification, we radiometrically corrected images following Chavez (1996) , converting digital numbers to reflectance values and mosaicked images to eliminate regions of NoData and normalize spectra. A supervised classification was initiated using the maximum likelihood algorithm, with spectral bands 1-5 (VIS and NIR). The training sites were identified for homogeneous areas of cover using both field data and SPOT-5 imagery. Eight training sites were used for classification ranging from 0.11 to 0.60 km 2 .
Due to consistent misclassifications between productive wetland fen vegetation and deciduous birch forests, we combined classes within the supervised classification. Following classification, birch forests were split from wetlands using IfSAR Digital Terrain Models (DTMs) and Digital Surface Models (DSMs), used to compute a vegetation height threshold of ≥1.5 m, which is indicative of tall shrubs and forests that do not establish in waterlogged wetlands (Jorgenson et al., 2001) . The final map product resulted in five discrete land cover classes.
We computed an error matrix (Stehman, 1997) and kappa coefficient (Congalton, 1988) to estimate map user, producer, and overall map accuracies. Field data, aerial photos, and high resolution SPOT-5 imagery were used for independent validation datasets, similar to Lara et al., (2015) and Foody, (2002) . A total of 178
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validation points were used to calculate map accuracy, with 53 points collected from field data and 125 random points from aerial and satellite imagery. Field data were collected using a sampling grid consisting of 27 subgrids systematically distributed in 10-km intervals throughout the study area (Jorgenson and Brown, unpublished data) . Each subgrid (1.8 x 1.8 km) was composed of 100 sites distributed in 200-m intervals. Nine subgrids were randomly selected, and sites were subsampled for field-based ground-truthing in 2012. The percent cover of dominant plant species within a 10-m diameter circle was visually estimated and a vegetation type was assigned following Viereck et al., (1992) . Several additional sites that were selectively sampled across a chronosequence of fire scars in forested areas were also used in vegetation ground-truthing (Brown et al., 2015) . We did not use field data points in map validation if ground control points were recorded as burned between sampling periods.
Landscape-level retrogressive change analysis was initiated at each 500 x 500 m window spanning the Tanana Flats (n= 10,303 windows), excluding uplands greater than 10 m above wetlands. Developed regression tree models were applied to each 500 x 500 m window, used to evaluate potential forest change across six decades, from 1950-1959 through 2000-2009 . Landscape position (i.e. plateau ecotone or interior) is determined for each 500 x 500 m window by using a relationship we identified between high forest cover and permafrost plateau interior. We find if total forest cover was >55%, the probability that the 500 x 500 m window is located on a plateau interior was 87%, as compared to independently categorized forest change sites. All remaining windows not plateau interiors were classified as plateau ecotones. To estimate landscapelevel change in wetlands, we assumed losses of forest due to thermokarst equaled increases in wetland area, logic consistent with Jorgenson et al., (2001) , Racine et al., (1998) , and Osterkamp et al., (2000) .
Results
Birch forest change
Over a 60 year period (1949 to 2009), forest cover and annual change rates on the Tanana Flats varied significantly by forest type and landscape position (Fig. 3) . A significant ANOVA model was found for birch forest cover (model df= 9, total df= 61, F ratio=2.88, p= 0.0076). Birch forest canopy cover differed between
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This article is protected by copyright. All rights reserved. (Fig. 3a) , while no discernable pattern was found on permafrost interiors (Fig. 3b) .
Similar to birch forest cover, a two-factor ANOVA model was found significant for birch annual change rates (model df = 11, total df = 59, F ratio= 3.79, p= 0.0006, Fig. 4 ). The main effect for landscape position was not significant, but time period was significant (F ratio= 6.06, p= 0.0002) and the interaction between time No other difference in annual change rates was identified between any shorter time periods.
Spruce forest change
Unlike patterns of change found in birch forests, spruce forests generally increased in cover over time specific by landscape position (Fig. 3c,d) . A significant two-factor ANOVA model was found for spruce forest cover (model df= 9, total df= 52, F ratio=10.52, p< 0.0001). Spruce forest canopy cover differed between landscape position (F ratio= 70.42, p< 0.0001) and among years (F ratio= 2.80, p= 0.037), but no significant interaction was found for model main effects. Post-hoc LSD tests indicated differences in spruce forest cover within the plateau ecotone position between 1949-2009 (p= 0.034), 1986-2009 (p= 0.0015), 1978-2009 (p= 0.0119), and 1986-1998 (p= 0.0048) , while permafrost plateau interiors did not significantly vary over time.
Although spruce forest cover did not significantly vary over time on permafrost plateau interiors, potentially due to low sample size, regression analysis generally shows a significant linear increase from 1949 and 2009 in both landscape positions (Fig. 3c,d ).
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In addition, a two-factor ANOVA model was found significant for spruce annual change rate (model df= 11, total df= 49, F ratio= 2.01, p=0.05, Fig. 4 ), which had significant main effects for landscape position (p= 0.038),
but not for time period or the interaction effect. Furthermore, during the period of 1949-1978, spruce change rates were not different from zero, but over the latter time period , the rate of forest gain was significant. Similar to patterns of change found for annual birch rates, spruce annual change rates only differed between the longest time periods 1949-1978 and 1978-2009 , for plateau ecotone (p= 0.003), with increasing spruce forest change rates from 0.17 to 5.87% year -1 . No effect of time period on spruce annual change rates was found for the plateau interior. No other differences in annual change rates were identified.
Modeling Birch and Spruce forest change
A gradient boosting algorithm was used to explain birch annual change, which was parameterized using a Gaussian distribution, an interaction depth of 4, a learning rate of 0.01, and 650 trees. The boosting analysis well represented spatial and temporal patterns of changing birch forests (R²= 0.49, p< 0.0001). The most important "relative influence" of predictor variables were identified as forest area, forest edge, total precipitation, landscape position, and mean temperature, accounting for 32.5, 31.0, 16.1, 14.0, and 6.4% of the total variance explained (Fig. 5) . Gradient boosting well represented birch forest change inferred from partial dependency plots and observed vs. predicted change values (Fig. 5) . Regression tree analysis resulted in an overall goodness of fit of R²= 0.44. Ten-fold cross validation resulted in an R²= 0.34, similar to the total variation explained by the entire model, which is acceptable as our data set was limited by the number of observations (n=54). The first split at the base of the tree explained 14% of the total model variation using total precipitation (Fig. 6a) . If total precipitation was ≥59 mm, rates of annual birch loss are estimated as -0.295% year -1 . On the second tree node, landscape position (explaining 13% of model variation) split the tree twice for plateau ecotone and plateau interior. If birch forest area (explained 13% of model variation) split from plateau ecotone, had area < or ≥ 85399 m 2 , birch forests changed -0.279 and -0.041% year -1 , respectively.
In the plateau interior, if mean temperature (explaining 7% of model variation) was ≥15.5 °C during the summer season, birch forests lose -0.051% year -1 relative to gains of 0.244% year -1 if mean summer temperature was <15.5 °C.
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Similar to the application of gradient boosting for birch, spruce gradient boosting was parameterized using a Gaussian distribution, interaction depth of 4, learning rate of 0.01, and 550 trees. This boosting analysis was able to successfully characterize spruce forest change (R²= 0.49, p< 0.0001). The predictors with the most important "relative influence" used in boosting were edge/area ratio, degree day, forest area, forest edge, landscape position, and total precipitation accounting for 35.2, 23.8, 16.5, 11.7, 10.8, and 1.9% of the total explained variance (Fig. 7) . Gradient boosting well represented spruce forest change inferred from partial dependency plots and observed vs predicted change values (Fig. 7) . A regression tree was conducted for spruce annual change, using predictor variables identified from boosting, resulting in an overall goodness of fit of R²= 0.59, and an R²= 0.45 for a 10 fold cross validation, suggesting overall tree construction and stability was good ( Fig. 6b) . At the base of the tree, edge/area ratio for spruce explained 15% of the total model variation, which split the tree twice by total precipitation (explaining 1.5% of tree variation) and degree day (explaining 23.4% of tree variation). If edge/area ratio was <0.073 (low fragmentation) and total precipitation was < or ≥ 51 mm, spruce forests increased 0.784 and 0.033% year -1 , respectively. However, if edge/area ratio was ≥0.073
(high fragmentation) and degree days were less than 19.5, spruce forests increased at a rate of 0.007% year -1 .
The two greatest increases in spruce forests were found to occur with high fragmentation, degree day greater than 19.5 (i.e. warmer daily temperatures), with change rates estimated as 1.799 and 5.642% year -1 where spruce area was ≥ and < 24006 m 2 respectively (Fig. 6b) .
Land Cover Classification
The developed land cover map estimated the spatial distribution of water, wetlands, shrub/scrub, birch forest, and spruce forests, spanning the 2683 km 2 Tanana Flats (Fig. 8) and bogs are sedges and grasses, with various types of mosses (e.g. Sphagnum spp., feather moss, brown moss) and small evergreen and deciduous shrubs (Jorgenson et. al., 2001 , Euskirchen et. al., 2014 . The shrub/scrub class is a relatively widespread covering 933 km 2 or 35% of the landscape, which is composed of
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low to tall shrubs dominated by dwarf birch (Betula nana) and various ericaceous shrubs (Jorgenson et. al., 2001 ). The birch forest class represents 245 km 2 or 9% of the landscape (Fig. 8) (Jorgenson et al., 2001) . For further site characteristics refer to Jorgenson et al. (2001) , and Racine et al. (1998) . The overall map accuracy and kappa coefficient was 78% and 0.68 (95% confidence intervals ranging 0.60 to 0.76), respectively, suggesting the strength of agreement to be "good", after accounting for expected chance agreements. Generally, user and producer accuracies were high across mapped classes (Table 1) , with the lowest accuracies reported in wetlands and shrub/scrub classes, due to difficulty discriminating between land cover types in reference datasets, despite using high resolution imagery.
Landscape-level Retrogressive Change Analysis
Using the Birch forest regression tree model (Fig. 5a) , we estimated the total area of lowland birch forest loss due to thermokarst between decades spanning 1950-1959 through 2000-2009 on the Tanana Flats, using historical climate and spatial statistics from the land cover map (Fig. 8 ) to drive the model. Similar to nonlinearities found for birch cover (Fig. 3a) , at the landscape-level we found birch forests to be relatively stable over three decades, from 1950-1959 through 1970-1979 . However, birch forests dramatically decreased within the decade of 1980-1989, and again over the most recent decade (i.e. 2000-2009) . We cumulatively estimated a loss of ~15.2 km 2 or ~7% of the total birch forest area spanning the landscape over the past 60 years, due to thermokarst, most of which occurred over the most recent decades (Fig. 9 ). Due to the limited effect of thermokarst on spruce forest cover (Fig. 3c , Walters et al., 1998) and relatively strong control of fire on spruce forest cover (Johnstone et al., 2011) , we did not conduct any retrogressive landscape-level change analysis for this forest type.
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Discussion
Over a 60 year period on the Tanana Flats, lowland boreal forest change rates were manifested by both birch forest losses and spruce forest gains, associated with increased thermokarst and rates of forest succession, respectively. Extensive losses of birch forests were identified over a 49 year period , with forest transitions into wetlands, similar to Jorgenson et al., (2001) . However, by considering the most recent decade (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) over the 60 year period of this analysis , losses of birch forest cover were nonlinear in plateau ecotones (Fig. 3a) , whereas birch forest cover did not change on plateau interiors (Fig. 3b) . These results tend to support our hypotheses for birch forests as change on plateau ecotones and interiors experienced accelerated losses and no change, respectively. Recent birch forest losses may be evidence that permafrost temperatures in ice-rich birch forests have destabilized, accelerating permafrost plateau collapse, which is consistent with the observation that permafrost in birch forests are only 0.2 to 0.5 °C from thawing (Osterkamp, 2007 , Osterkamp et al., 2000 . In contrast to the temporal patterns identified for birch forests, unburned spruce forests increased in cover 0.11 and 0.39% yr -1 in plateau ecotone and plateau interior landscape positions, respectively. Thus, our initial hypothesis for spruce forest change in both plateau ecotones and plateau interiors are rejected and supported, respectively, as spruce forests increased on both landscape positions. We attribute increases in spruce forests to vegetation succession as it is clear that spruce cover is replacing a relatively barren low canopy vegetation type (i.e. shrub), however, we are unable to exclusively determine if spruce replaced a sparse/segregated young forest and/or a tall shrub vegetation community due to limitations in the spatial resolution of 1949 aerial photos. In line with regional warming and precipitation trends (Fig. 2) , results indicate birch and spruce rates of change were only significant over the longest time intervals (i.e. 1949-1978 and 1978-2009) . This is consistent with Lachenbruch & Marshall (1982) , which suggests, permafrost thaw occurs over long-time intervals, and warmer temperatures may increase spruce growth (Andreu-Hayles et al., 2011) . Though, we understand changes in spruce vegetation succession is a gradual process (Yarie 1981) and increases in spruce cover may have co-occurred with regional changes in climate (Fig. 2) , we postulate that warming and increased precipitation may have influenced spruce growth as change rates were lowest during the coolest and driest period (1949-1978; 29 years) relative to more recent
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periods (Fig. 4) . Additionally, regression tree analysis (Fig. 6b ) supports this hypothesis and further suggests, that during the most recent time period, the reduced rates of spruce forest change in plateau interior sites (Fig. 4b ) may be due to the limited area available for the expansion of spruce on the permafrost plateau. Results presented in this study suggest, (i) forest type and landscape position are important factors to consider to understand the impact of thermokarst on landscape-level forest change, and (ii) ~30 years may be the minimum time period required for assessing trajectories of change in lowland boreal ecosystems. Our results strengthen the finding that mosses and thick organic soils influence permafrost stability in black spruce ecosystems by insulating the ground against summer heat greater than cold penetration during winter (Jorgenson et. al., 2010 , O'Donnell et. al., 2009 , Turetsky et. al., 2012 , as we found no evidence for spruce forest loss due to thermokarst at our study sites (Fig. 3c,d and Fig. 4c,d ), relative to dramatic birch forest losses (Fig. 3a, Fig. 4a ) with little to no mosses present (Osterkamp et. al., 2000) . However, differences in ground ice content and forest growth patterns are likely also important controlling factors, influencing historical change patterns in lowlands as birch forests have a notably higher ice content than spruce forests, and birch forests commonly grow adjacent to wetlands where active thermokarst occurs. Additionally, birch forest cover slightly increased between 1949 and 1978 and decreased from 1978 through 2009, concurrently with increases in spruce cover (Fig. 3b, d ), consistent with patterns of forest change following post-fire vegetation succession (Yarie 1981 , Kasischke et. al., 2000 .
Deterministic model development indicated precipitation and forest fragmentation were the most important predictors of birch and spruce forest change, respectively. Results from the regression tree analysis suggested that high precipitation accounted for the largest birch losses (-0.298 % year -1 ; Fig. 6a ), which is conceptually consistent with previously hypothesized drivers of change associated with ground water movement (Walters et. al., 1998) and/or changing precipitation regime (Jorgenson et. al., 2001) . We also identify losses of birch forests at a rate of -0.279 and -0.041% yearˉ¹ in plateau ecotones (i.e. adjacent to wetlands) dependent on forest area, likely controlled by summer heat transfer from warm wetland surface waters to permafrost (Racine, 1998 , Walters, 1998 . However, this analysis does not identify patterns of birch forest change to be negative in all situations, as an increase in birch forests may occur with low precipitation
This article is protected by copyright. All rights reserved. and low temperature, but explicitly on the plateau interior, highlighting the importance of climate and landscape position on birch forest stability. Landscape level retrogressive analysis for birch forests indicates a loss of ~15.2 km 2 area due to thermokarst (Fig. 9 ) since 1950. All estimated losses occurred between the decades 1980-1989 and 2000-2009 , which follow significant warm periods (Osterkamp, 2007) , capable of destabilizing permafrost soils , Osterkamp, 2007 , Osterkamp et al., 2009 . Additionally, two-factor ANOVAs and gradient boosting showed landscape position to be an important factor in determining spruce change, yet regression tree models find edge/area ratio, degree day, total precipitation, and spruce area to be the most important factors for predicting spruce change (Fig. 6b) . These dominant explanatory factors appear to control various magnitudes of spruce succession. For example, if forest fragmentation is high (i.e. edge/area), and temperatures are not warmer than long-term normal (i.e. degree day), spruce increases at a rate of 0.007 % year -1 , whereas if fragmentation is high, and temperatures are warm, spruce may increase either 1.79 or 5.64 % year -1 , dependent on initial spruce area. We interpret the importance of initial spruce area as a direct result of spruce succession, as spruce expansion and establishment will likely increase more in fragmented or treeless regions typically dominated by shrubs, potentially exposed to fire (Johnstone et al., 2010) , prior to our assessment period, relative to regions with dense forests. These results highlight, (i) the relative resistance of spruce forests to thermokarst, despite changes in historical temperature and precipitation patterns (Wendler & Shulski, 2009) , and (ii) the potential control of warming and forest fragmentation on rates of spruce succession in this lowland boreal forest ecosystems. Although our spruce forest model finds these forest types to be historically resistance to thermokarst, in the advent of projected future warming, it is likely that thermokarst will begin to affect the stability of these soils as warmer temperatures will thaw permafrost and affect the stability of permafrost plateaus (Jafarov et al., 2013) . Further, future change in permafrost plateaus may be magnified with projected changes in warming, drought, and fire regime (Bergner et al., 2004 , Brown et al., submitted, Myers-Smith et al., 2008 .
Lowland boreal forest ecosystems are dynamic over space and time, with complex interactions among vegetation succession , Racine, 1998 , geomorphology (Jorgenson et al., 2001) ,
thermokarst disturbance (Osterkamp et al., 2009 , Osterkamp et al., 2000 , fire , Johnstone et al., 2011 , and climate , cumulatively making change detection or deterministic model development difficult. However, by focusing our efforts on landscape change processes that are generally gradual, such as thermokarst (specifically in lowland permafrost plateau forests) and vegetation succession, we reduce uncertainty associated with stochastic disturbances such as fire which have increased in frequency, size, and intensity (Kasischke & Turetsky, 2006 , Kasischke et al., 2010 , and may significantly alter vegetation structure (Johnstone et al., 2010) and degrade permafrost (Jafarov et al., 2013) . We find long-term rates of forest loss adjacent to wetlands on the Tanana Flats to be relatively higher (0.43% yr -1 ) than that reported for Scotty ) in the Northwest Territories of Canada (Baltzer et al., 2014 (Baltzer et al., ), between 1978 (Baltzer et al., -2009 (Baltzer et al., and 1977 (Baltzer et al., -2010 . Despite similarities in climate (Quinton et al., 2009 , Wendler & Shulski, 2009 ), physiography (Jorgenson et al., 2001 , Quinton et al., 2009 , geomorphology (Jorgenson et al., 2001 , Quinton et al., 2009 , and fire regime (Brown et al., 2015 , Robinson & Moore, 2000 for these two lowland boreal sites, we primarily attribute differences in forest change rates with (i) site based permafrost history as the degree of forest fragmentation due to past permafrost degradation may influence current forest change rates, and (ii)
the dominant forest type, as the rooting depths of black spruce (i.e. dominate forest type in Scotty Creek) are greater than paper birch forests, found most abundantly on the wetland-permafrost plateau boundary on the Tanana Flats, which may have implications for increased stability in permafrost plateaus dominated by black spruce forests in a degrading wetland environment.
Our lowland forest change analysis integrated decadal climate data, which was used to explain long-term patterns and trajectories of change. Although, we identified drivers of forest change to be consistent with the current conceptualization of landscape evolution (Jorgenson et al., 2001 , Racine et al., 1998 , this analysis was unable to account for successive anomalous warm years that notably increased permafrost temperatures (Romanovsky, unpublished data) occurring during the mid-1990s and 2000s, respectively, which may be important for understanding future patterns of permafrost degradation and forest stability. Successive warm and/or wet (i.e. rain and snow) years can degrade permafrost substantially deeper than the long-term thickness of the seasonally frozen layer, which can lead to talik formation and continuous degradation of This article is protected by copyright. All rights reserved.
permafrost throughout the year (Lawrence et al., 2008 , Schaefer et al., 2011 , potentially resulting in an acceleration of forest loss into adjacent wetlands or collapse scar bog expansion (Jorgenson et al., 2001) .
When annual temperatures and snow depth rebound to long-term normals, permafrost temperatures appear to restabilize over ~10 years (Romanovsky et al., 2014) , but importantly, losses of forests and soils into wetlands on the plateau ecotone (i.e. edge) are irreversible, whereas subsistence in the plateau interior may be reversible. Thus, short-term warm and wet periods may have cascading effects on lowland boreal forest ecosystems, and this residual effect may partially explain the dramatic birch forest losses and wetland gains observed between decades, 1980-1989 and 2000-2009 (Fig. 9) . To better understand the significance of short and long-term vegetation, permafrost, and biogeochemical dynamics -with projected changes in climate, we are developing a process-based thermokarst model to evaluate the long-term impact of short-term climatic events that may alter the landscape structure.
Because of the large amount of carbon within boreal soils relative to all other forest biomes (Kasischke, 2000) , and the vulnerability of permafrost in these ecosystems, the rates of change reported may hold consequences for the fate of carbon in lowland forests. Though ecosystem transitions documented here resulting from thermokarst have also been observed in other lowland boreal forest ecosystems (Baltzer et al., 2014 , Camill, 2005 , Camill et al., 2001 , Vitt et al., 2000 , Halsey et al., 1995 , where permafrost temperatures have warmed (Jorgenson et al., 2001 , Osterkamp, 2005 , Osterkamp & Jorgenson, 2006 , this study presents for the first time, a quantitative link with thermokarst and both climate (i.e. precipitation and temperature) and forest characteristics (i.e. forest area, fragmentation). Over the past 60 years on the Tanana Flats, we find i) birch forests to be highly vulnerable to thermokarst disturbance (Fig. 6 ), resulting in a recent nonlinear loss of birch forest area and associated expansion of wetlands (~15.2 km 2 , Fig. 9 ), and ii) spruce forests to be relatively resilient to thermokarst disturbance, while increasing in cover (i.e. vegetation succession) across the permafrost plateau (Fig. 3) . Evidence suggests that these vulnerable lowland forest ecosystems may soon experience widespread thermokarst disturbance that results in a substantial loss of carbon from forest peat to the atmosphere (O'Donnell et. al., 2012) . However, it is important to understand the relative roles and controls on the complex interactions between climate, permafrost degradation, and disturbance (i.e.
thermokarst & fire) in lowland boreal forest ecosystems, to assess the degree to which these responses have consequences for the climate system by contributing to the permafrost carbon feedback (Schuur et. al., 2015) . 
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Figure 1: Study sites located on a subsection of the Tanana Flats (white outline), in the interior of Alaska, near Fairbanks (star). Fifteen 500 x 500 m windows (white squares) were used for estimating forest change. An example of one window used in the land cover change assessment, with high resolution satellite or aerial imagery (column A) is stacked by year within a plateau ecotone. Birch forests, spruce forests, and wetlands are shown in black, grey, and white, respectively (column B). 1949-1978, 1978-1986, 1986-1998, and 1998-2009) .
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Mean points with associated standard error bars. Points are plotted only if more than three data points were calculated. 
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